Abstract In this study, we performed a mechanical analysis of the effect of fibroblast growth factor-2 (FGF-2) on autologous osteochondral transplantation in a rabbit model. A full-thickness cartilage defect (diameter: 5 mm; depth: 5 mm) made in the right femoral condyle was treated with osteochondral transplantation using an osteochondral plug (diameter: 6 mm; depth: 5 mm) taken from the left femoral condyle. The animals were divided into three groups: Group I, the defect was filled with 0
Introduction
An articular cartilage lesion caused by injury or degenerative joint disease does not spontaneously repair, as the articular cartilage has a limited capacity for regeneration. Abrasion arthroplasty, subchondral drilling, autologous osteochondral grafts, periosteal-perichondral grafts, chon-drocyte transplantation and gene therapy have been developed for the treatment of focal chondral lesions with acceptable results [1, 7, 12, 19, 22] . Successful long-term clinical results are obtained with the use of an autologous osteochondral cylindrical graft for the repair of osteochondral defects [5, 11, 18] .
Both histological and mechanical analyses are important for evaluating the effects of autologous osteochondral transplantation. Histological analysis of transplanted osteochondral grafts indicates that, in an optimal autologous osteochondral transplantation, osteochondral grafts are incorporated into the defect, thereby, retaining the integrity of hyaline cartilage and cancellous bone, and maintaining the congruity of the articular surface in weight-bearing areas [5, 13] . In contrast, changes in the mechanical properties of the transplanted osteochondral graft have been analysed in various autologous osteochondral transplantation models and evaluated at various periods after surgery [9, 10, 15, 28] . We previously demonstrated that the structural properties of an osteochondral cylinder-graftrecipient construct immediately after surgery are not significantly different from those of normal cartilage and that the structural properties of an osteochondral cylindergraft-recipient reconstruction are significantly worse at postoperative weeks 1 through 8 than in normal cartilage [14] . We speculated that changes in the structural properties of the transplanted osteochondral graft are influenced by the healing process at the subchondral bone level.
Many growth factors affected chondrocyte metabolism and chondrogenesis [1, 8, 20] . Basic fibroblastic growth factor (FGF-2) promotes the repair response in fullthickness articular cartilage defects and bone formation [3, 4, 6, 17, 25] . As a carrier material system, the gelatinhydrogel-incorporated growth factor leads to regeneration for cell differentiation and proliferation [24] . Therefore, we hypothesised that osteochondral grafts treated with FGF-2-impregnated gelatin hydrogel will develop adequate structural properties earlier after surgery. We therefore analysed the effect of FGF-2 on autologous osteochondral transplantation in a rabbit model.
Methods
This investigation was approved by the Animal Research Committee of the Kobe University Graduate School of Medicine according to the guidelines for animal experimentation. Skeletally mature female Japanese white rabbits (n=60; Kitayama Labs, Nagano, Japan) were used in the study. The mean weight was approximately 3.2 kg (range, 2.7-3.5 kg). Human recombinant basic FGF and gelatin hydrogel with a water content of 98% were provided by Kaken Pharmaceutical Co., Ltd. (Tokyo, Japan).
Preparation of gelatin hydrogel
Gelatin was crosslinked with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, hydrochloride salt (EDC) to prepare the biodegradable hydrogel. Following the crosslinking reaction for 24 h at 4°C, the resulting hydrogel was immersed for 1 h in HCl aqueous solution (pH 3.0), washed with water to remove the unreacted EDC and dried. Then, 100 μl of distilled water containing 1 μg of FGF-2 was impregnated into the dried hydrogel to prepare the FGF-2-impregnated hydrogel. Similarly, FGF-2-free gelatin hydrogel was prepared using distilled water without FGF-2.
Surgical procedures
Intravenous pentobarbital sodium solution (30 mg/kg body weight) was used to induce and maintain general anaesthesia. The rabbits were placed in a supine position and the surgery was performed on the right knee. In each rabbit, the lower limbs were disinfected and 3 ml of 1% lidocaine was injected subcutaneously into the parapatellar region. A medial parapatellar approach was used to expose the knee joint and the patella was laterally dislocated. The region of the femoral groove, which contacted the patella when the knee was flexed at 90°, was selected as the site for the osteochondral defect. To produce the cartilage defect, a full-thickness cylindrical osteochondral fragment (diameter: 5 mm; depth: 5 mm), which included the articular cartilage and subchondral bone, was removed using the Osteochondral Autograft Transfer System (OATS: Arthrex, Naples, FL).
The animals were divided into three groups: in Group I, the defect was filled with 0.1 ml of gelatin hydrogel containing 1 μg of FGF-2 before osteochondral transplantation; in Group II, the defect was filled with 0.1 ml of gelatin hydrogel without FGF-2 before osteochondral transplantation; in Group III, the defect was repaired with an osteochondral plug using neither hydrogel nor FGF-2. To repair the defect, an osteochondral plug (diameter: 6 mm; depth: 5 mm) taken from the left femoral condyle using the OATS was transplanted. The patella was repositioned and the capsule was repaired with 4-0 nylon sutures. The rabbits were allowed to feed freely in their cage immediately after the operation without a cast. The implanted osteochondral grafts were then evaluated mechanically at postoperative weeks 1, 3, 8 and 12. The specimen was examined histologically after mechanical analysis at each time point and five rabbits were sacrificed at each time point; there were 20 animals in each group.
Mechanical analysis
The structural properties were assessed using a tactile sensor system (Biosensor system: AXIOM Co. Ltd., Fukushima, Japan). This system functions on the basis of changes in the resonance frequency under non-touching and touching conditions, which depend on the stiffness or hardness of the object [16, 26, 29] . When the tactile sensor, vibrating at its own frequency, touches the articular cartilage of the osteochondral graft, the resulting shift in resonance frequency is recorded using a computer. The resonance frequency was transformed to stiffness using the calibration formula (N/m 2 )=233.2×Δf (Hz)+104948.0 (where R 2 = 0.91) [26] . The stiffness data were analysed by one-way analysis of variance (one-way ANOVA). A p value of less than 0.05 was considered to be statistically significant.
Histological evaluation
For histological examination, the resected tissue samples were fixed in 4% paraformaldehyde phosphate buffer solution, decalcified with 0.25 mol/L of ethylenediaminetetraacetic acid in phosphate buffered saline at pH 7.5, dehydrated in graded alcohol solutions and embedded in paraffin wax. Sagittal sections (7-μm thick) were cut and stained with haematoxylin and eosin. Serial sections were examined microscopically to assess the osteochondral graft. (Fig. 1) . In Group I, at postoperative weeks 1, 3, 8 and 12, the average stiffness ). *indicates significant differences (p<0.05) Fig. 2a-d Histological evaluation of the transplanted graft in Group I (defect filled with gelatin hydrogel including 1 μg of FGF-2). a At week 1, there was a slight gap between the graft and the recipient site. b At week 3, the gap had disappeared and the articular layer and subchondral bone increased and developed. c At week 8, the subchondral bone trabeculae had increased. d At week 12, the subchondral bone trabeculae had decreased and the transplanted graft was almost the same as in the other groups. The arrows indicate the margins of the graft (original magnification ×25) was 89,430.9 ± 4,388.5, 93,558.5 ± 9,083.5, 97,177. At postoperative week 1, the average stiffness in Group I was significantly greater than that of Group II. At postoperative week 3, the average stiffness in Group I was significantly greater than that in Groups II and III. At postoperative weeks 8 and 12, there were no significant differences in the average stiffness among the three groups.
Results

Mechanical analysis
In Group I, at postoperative weeks 1, 3, 8 and 12, the average resonance frequency (Δf) obtained with the tactile sensor was −66
Histological evaluation
At postoperative week 1, there was a slight gap between the transplanted graft and the recipient site in Group I (Fig. 2a) . At 3 weeks, the gap had disappeared and structural integrity of the subchondral bone was observed in all groups (Figs. 2b and 3a-c) . The subchondral bone trabeculae of Group I had increased and developed more than that of the other groups. At 8 weeks, the subchondral bone trabeculae had increased even further and progressed to remodelling in Group I (Fig. 2c) . The findings in Groups II and III were similar to those in Group I. At 12 weeks, the subchondral bone trabeculae of Group I had decreased and the transplanted grafts were united. The articular surface regularity was smooth (Fig. 2d) . In Group I, in which FGF-2 was used, neither hypertrophic nor arthritic change was observed at the graft and the host cartilage during the entire postoperative period.
Discussion
The use of gelatin hydrogel containing FGF-2 in osteochondral transplantation significantly increased the stiffness of the osteochondral plug at postoperative week 3. The mechanical properties of the transplanted grafts in Group I, in which FGF-2 was used, recovered to a normal level by postoperative week 3, which is earlier than that in Groups II and III. Histological analysis in Group I confirmed the developmental structural integrity of the subchondral bone at postoperative week 3 and there were neither hypertrophic nor arthritic changes of the cartilage layer.
FGF-2 has a mitogenic factor that stimulates chondrocyte differentiation and supports articular cartilage defect repair in vitro [6, 27] . Weisser et al. [27] reported that the treatment of chondrocyte cultures with FGF-2 had a stabilising effect on the differentiated state of the cells in vitro. Otsuka et al. [17] reported that the articular cartilage Fig. 3a-c Histological evaluation of the junction between the graft and the host (Group I: defect filled with gelatin hydrogel including FGF-2, Group II: defect filled with gelatin hydrogel only, Group III: defect in which neither hydrogel nor FGF was used). At week 3, the structural integrity of the subchondral bone was observed in all groups. Especially, the subchondral bone trabeculae in Group I (a) were increased and more developed than that in Groups II (b) and Group III (c). The arrows indicate the area of the graft and host (original magnification ×25) and subchondral bone regenerated within 8 weeks when FGF-2 is directly administered by osmotic pump in a fullthickness articular defect in a rabbit model. Fujimoto et al. [3] documented cartilage repair following the administration of a collagen sponge containing 700 ng of FGF-2 in a rabbit model. On the other hand, an overdose of FGF-2 induces hypertrophic arthritis [21, 25] . Shida et al. [21] , using various doses of FGF-2, reported that the injection of more than 5 μg in normal rat knees resulted in an approximately 3-to 4.5-fold increase in articular cartilage compared to the same area of the control knee. As the halflife period of FGF-2 in vivo is too short to effectively exert biological activity when administered in free form, the biological effects of the growth factor are not reliable [24] . In our study, gelatin hydrogel was used as the drug delivery system because FGF-2-impregnated gelatin hydrogel efficiently induces neovascularisation, tissue granulation and bone regeneration [23] . The biologically active FGF-2 was released as a result of in vivo degradation of the gelatin hydrogel [24] . Therefore, we attempted to use FGF-2-impregnated gelatin hydrogel with osteochondral transplantation to accelerate cartilage repair and subchondral bone remodelling.
In the transplanted osteochondral graft, stiffness might be temporarily decreased in the postoperative course [15, 28] . We previously reported decreased stiffness at postoperative weeks 1, 3 and 8 compared to normal cartilage stiffness. The stiffness at postoperative week 3 was the lowest, suggesting that subchondral bone formation and remodelling influences the changes of cartilage stiffness [14] and similar results were found in this study; that is, the stiffness of the transplanted grafts decreased the most at postoperative week 3 in Group III. At postoperative week 3, the average stiffness in Group I was significantly greater than that in Group III. At postoperative weeks 8 and 12, there were no significant differences in the average stiffness among the three groups. We speculate that FGF-2 accelerates the regeneration of the subchondral bone in articular cartilage defects and promotes the recovery of structural property on the osteochondral plug.
The histological evaluation of grafts transplanted with FGF-2 gelatin hydrogel at postoperative week 3 indicated that the gap between the graft and the recipient site had disappeared and that the subchondral bone trabeculae tended to increase. These findings are consistent with the idea that the articular cartilage and subchondral bone were regenerated by FGF-2 [17] . Thus, the histological findings are compatible with those of the mechanical analysis, indicating that the grafts transplanted with FGF-2 hydrogel were more stable than those in the control group.
Autologous osteochondral transplantation gained popularity for the treatment of articular cartilage injuries following successful experiments and clinical results [2, 5, 11, 18] . Our study suggests that FGF-2 accelerates the integration of the graft and the host in articular cartilage defects in an animal model. A limitation of our study is that the optimal dose of FGF-2 with autologous osteochondral transplantation was not identified and the long-term effects of FGF-2, such as osteoarthritis in humans, is unknown.
In conclusion, the findings of this study suggest that autologous osteochondral grafts treated with gelatin hydrogel containing FGF-2 acquired adequate stiffness in the early postoperative phase in a rabbit model. Further investigations with variable doses of FGF-2 and the longterm follow up of autologous osteochondral transplantation are ongoing for clinical applications of FGF-2.
